Introduction
There is now evidence available to suggest that peptide antibiotics produced by sporulating bacilli play a regulatory role during the developmental cycle of the producer organism [ 1, 2] . Studies with Bacillus brevis and the linear gramicidins and cyclic tyrocidines produced by various strains of this organism have led some workers to suggest that they act as regulatory molecules during the sporulation process [3] [4] [5] [6] [7] [8] [9] . Other workers, including ourselves, have indicated that in the gramicidin S-producing strains of Bacillus brevis this cyclic decapeptide antibiotic plays a role in the process of spore germination and outgrowth [10] [11] [12] [13] [14] .
Gramicidin S has been shown to interact with a number of different types of membranes including artificial lipid bilayers [ 15] and mitochondrial [ 16] and bacterial membranes [17] [18] [19] . In particular, it has been reported that gramicidin S can inhibit the oxidation of biological substrates via the cytochromelinked respiratory electron transport chain in Bacillus brevis [20] [21] [22] . Preliminary observations indicated that respiration during germination is particularly affected by gramicidin S inhibition [ 11 ] .
In the present paper we report a more detailed investigation of the effects of gramicidin S on respiratory activity during the developmental cycle of Bacillus brevis. It would appear that gramicidin S interacts with the membrane-associated respiratory electron transport chain and inhibits NADH and succinate oxidase activities. Respiration during the germinationoutgrowth stage of development is susceptible to this inhibition whereas growth and sporulation are insensitive as is the respiratory activity once outgrowth is completed.
Materials and Methods
Bacillus brevis Nagano wild-type and the gramicidin S-negative mutant E-1 were obtained from Prof. Y. Saito and growth, sporulation, spore preparation, and outgrowth were carried out as described previously [10, 12] . Respiratory activity of whole cells was monitored using a Clark oxygen electrode [11 ] . Miquots of the culture medium were introduced into the electrode vessel, previously calibrated with airsaturated fresh medium, and thermostated at 37°C. The vessel was sealed and the oxygen uptake recorded with time. Vegetative cell respiration was measured using mid-logarithmic phase cells, sporulation with cells at TI to Ta, germination at 60 min, outgrowth at 120 rain and post-outgrowth at 180 rain of incubation. Dormant spore respiration was monitored in distilled water. Gramicidin S, when added to the electrode vessel, was at concentrations as indicated in Results.
NADH and succinate oxidase activities of membrane-associated electron-transport particles were measured polarographically as above. NADH (0.33 mM) and sodium succinate (3.3 mM) were used as substrate where appropriate. All activities were measured at 37°C in 50 mM potassium phosphate buffer [23] . Gramicidin S, when added, was at a concentration equivalent to the endogenous gramicidin S content of wild-type membrane preparations. Membrane-associated respiratory electron transport particles were prepared by freshly harvesting cells from 400 ml culture medium at 20 000 × g for 1 rain at 4°C. The pellet was washed in 50 mM potassium phosphate buffer, pH 7.4, re-centrifuged at 6000 × g for 10 rain and re-suspended in the same buffer. Cells were disrupted, with cooling, in an ult rasonic disintegrator (150 W, MSE) with 10 × 5-s pulses and a cooling interval of 30 s between each pulse. Phase-contrast microscopy was used to check that cell disruption was complete. The sonicate was centrifuged at 7000 × g for 10 rain at 4°C to remove cell debris and the supernatant was further centrifuged at 105 000 ×g for 90 rain at 4°C to yield the red-brown, gelatinous, membrane-associated electron transport particle pellet. The pellet was re-suspended in 2-3 ml 50 mM potassium phosphate buffer, pH 7.4, using 3 strokes of a hand-held homogeniser. This method of isolation is a modification of the one used previously [24] . Gramicidin S content was estimated by using a diffusion-plate antibiotic assay as detailed previously [10]. Table 1 shows whole-cell respiratory activity measured at various stages of development in Bacillus brevis Nagano wild-type. There is a high rate of respiration during the vegetative phase which decreases on entering sporulation. This respiratory rate continues to decrease and the formation of a mature dormant spore results in a negligible rate of respiration. The decrease in respiratory capacity corresponds to an increase in the content of gramicidin S. On germination and outgrowth the respiratory activity increases and this coincides with a decrease in the spore gramicidin S content. Conditions of germination and outgrowth were such that gramicidin S was lost from the spore during the germination process [12] . It appears therefore that increased gramicidin S content parallels a decreased respiratory rate during development. The situation is more complicated than this, however, since gramicidin S-negative mutants During sporulation, membrane preparations of wild-type and the gramicidin S-negative mutant E-1 both show NADH and succinate oxidase activities ( Table 2 ). The levels of these enzyme activities are dramatically reduced, however, in the gramicidin Sproducing wild-type strain compared with the levels found in the gramicidin S-negative mutant. Furthermore, gramicidin S addition to mutant membrane preparations inhibits the oxidase activities 70-80% so that the resultant activities more closely resemble those of wild-type membrane preparations. Table 3 shows that wild-type membrane preparations contain gramicidin S at levels which correlate with the low activity of NADH and succinate oxidase observed in Table 2 . Mutant membrane preparations do not possess detectable levels of gramicidin S.
Results
When whole cell respiration is tested for sensitivity to exogenous gramicidin S (Table 4) it is found that only the germination-outgrowth phase of development is inhibited. Growth and sporulation are not affected by addition of the antibiotic. |t would appear that although the membrane-associated respiratory electron transport system is susceptible to inhibition by gramicidin S it is only during the germination-outgrowth phase of development that such inhibition is effective.
TABLE 3
Endogenous gramicidin S content of membrane preparations isolated from sporulating B. brevis
The concentrations shown have been corrected for a recovery rate of 75% estimated from an E-1 membrane preparation with a known amount of exogenous gramicidin S added. The values are the means -+ S.D. from two separate preparations; three estimations made for each membrane preparation. Membrane preparations were isolated from cells at stage III-V of sporulation.
Strain
Gramicidin S content (nmol/mg protein)
Wild-type 220 -+ 60 (6) E-1 N.D.
N.D., not detected.
Discussion
The presence of gramicidin S in Bacillus brevis appears to parallel a decreased respiratory activity. Gramicidin S is synthesised at the end of growth/ early sporulation [ 12, 26] and is incorporated into the mature, dormant spore [12] which has a negligible respiratory rate.
It is conceivable that gramicidin S is associated with the spore inner membrane and its presence there maintains the enzymes of the respiratory electron TABLE 4 Whole cell respiration and sensitivity to gramicidin S inhibition The data given are for E-1. Similar rates and inhibition characteristics were obtained with the wild-type under conditions which allowed outgrowth to proceed [12] . Under conditions where gramicidin S inhibited respiration concentrations of 10 nmol/ml were effective but when respiration was insensitive concentrations as high as 100 nmol/ml failed to inhibit.
Developmental stage
Respirator activity Inhibition (nmol O2/min/mg dry wt.) transport system in a state of "dormancy". Loss of gramicidin S during germination [ 12] would then lead to re-activation of these enzymes and the increased respiratory activity observed. Indeed, it has been shown that gramicidin S interacts with isolated membranes ofMicrococcus lysodeikticus resulting in loss of activity of enzyme components associated with the respiratory electron transport system [18, 19] . Removal of the antibiotic restored enzyme activity and it was proposed that gramicidin S-phospholipid-protein complexes alter the environment of the membrane-associated respiratory enzymes leading to changes in activity [19] . In Bacillus megaterium it has been shown that the spore inner membrane NADH oxidase increases ten-fold on germination; at this time respiration is also activated [27] . Loss of an inhibitor and/or membrane conformational changes which block the electron transport sequence in the region between NADH dehydrogenase and cytochromes was suggested [27] . In earlier studies [21, 28, 29] we have shown that the cyclic decapeptide antibiotics, gramicidin S and tyrocidines, block the respiratory electron transport system of Bacillus brevis in the region between NADH dehydrogenase and cytochromes. Gramicidin S, therefore, has the properties of such an endogenous respiratory inhibitor. If the action of gramicidin S is to form gramicidin S-phospholipid-protein complexes [ 19] within the spore membrane as suggested above, then it could be possible that other membrane changes observed in Bacillus during the transition from dormancy to germination [30] are mediated via the presence of such membrane-active peptide molecules.
